A Al-27 MQMAS and off-resonance nutation NMR investigation of Mo-P/gamma-Al2O3 hydrotreating catalyst precursors by Kraus, H. et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/27610
 
 
 
Please be advised that this information was generated on 2018-07-07 and may be subject to
change.
16336 J. Phys. Chem. 1996,100, 16336 16345
A 27A1 MQMAS and Off-Resonance Nutation NMR Investigation of Mo-P/y-Al20 3 
Hydrotreating Catalyst Precursors
H« Kraus and R. Prins
Laboratory fo r  Technical Chemistry, Swiss Federal Institute o f Technology, 8092 Zluich, Switzerland
A. P. M. Kentgens*
N.S.R. Center fo r  Molecular Design, Synthesis and Structure, National HF-NMR Facility,
University o f  Nijmegen, 6525 ED Nijmegen, The Netherlands
Received: M ay 30, 1996; In Final Form: July 29, Î 996®
y-AI2O3 and y -AI2O3 impregnated with phosphorus and/or molybdenum, amorphous AiPCXt, and AbXMoO^ 
have been studied by the recently introduced multiple-quantum magic angle spinning (MQMAS) NMR and 
off-resonance nutation NMR. Average quadrupolar coupling parameters ot the resonances in the compounds 
were determined with 27Al off-resonance nutation spectroscopy. The MQMAS NMR experiment was used 
to increase the resolution of the spectra in order to gain insight in the distribution ot the quadrupole parameters 
and to resolve overlapping lines from surface species on y-A^C^ supports. This combined use of advanced 
NMR techniques provided information about the bulk and surface structure of y-AhO.r and y-AliCVsupported 
catalyst precursors. When phosphorus and molybdenum loadings below “monolayer” coverage are employed, 
the single pulse spectra did not reveal the formation of new aluminum-containing compounds. At higher 
phosphorus loading the formation of a new phase was observed that from the MQMAS experiment could be 
clearly assigned to amorphous AIPO4. In a calcined sample containing both molybdenum and phosphorus, 
27A1 NMR showed that AUCMoO^ and some AIPO4 had been formed, which could not be detected by XRD 
and hardly by single-pulse-excitation (SPE) MAS NMR. The fact that the observed distribution of aluminum 
atoms over octahedral and tetrahedral positions did not change with the loading of the support (except when 
AIPO4 was formed) led to the conclusion that aluminum atoms with both types of coordination arc found not 
only in the bulk of y-A^Os but also on its surface in about the same ratio.
Introduction
Hydrodenitrogenation is an important step in the processing 
of petroleum, since nitrogen is removed that would cause air 
pollution when fuels are burned and would poison catalysts in 
processing of petroleum distillates. The NiMo/y-A^Oä catalysts 
used for hydrodenitrogenation often contain phosphorus as a 
secondary promoter. The introduction of phosphorus has been 
shown to result in increased activity for hydrodenitrogenation. 1-4 
In addition it has been reported that during coimpregnation 
phosphorus enhances the solubility of molybdate by the forma­
tion of phosphomolybdate complexes. This makes catalyst 
preparation easier and improves the dispersion of molyb­
denum,5 ~ 10 When sequential impregnation of Mo and P is used, 
usually poorly dispersed molybdate species are formed, espe­
cially at high phosphorus loading. This results in an increase 
of the molybdenum fraction in easily reducible forms, such as 
multilayered molybdate, crystalline Al2(MoÛ4)3, and M0 O3.11H3 
Furthermore, phosphate may lead to molybdenum enrichment 
at either the outer14 or the inner surface of the support15’16 and 
to the formation of large M0 S2 structures in the sulfided 
catalysts.
A technique that recently gained increasing popularity for 
investigation of surface compounds on y-AI2O3-supported 
catalysts is solid state 27Al NMR spectroscopy. DeCanio et al. 13 
reported the observation of amorphous and crystalline AIPO4 
on samples impregnated with a high amount of phosphorus 
delivered as a phosphoric acid solution, and when molybdenum
was added subsequently, Al2(Mo04)3  signals occurred. Crystal-
i
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line AIPO4 and AfoCMoCMj have also been found in NiMoP/ 
y-Ah0 3  samples by the group of Mailer17'"1^ after a severe 
calcination treatment. O’Reilly20 and Huggins and Ellis21 have 
reported that surface aluminum atoms of y-Al?0.i cannot be 
detected with solid state 27A1 NMR, I t is thus not certain that 
the ratio between aluminum atoms in tetrahedral and octahedral 
positions in y-A^Oj determined with NMR22 is reliable.
A problem of MAS spectra of half-integer quadrupolar nuclei 
is their resolution. It is well-known that MAS averages dipolar 
interactions and chemical shift anisotropies but is not capable 
of averaging the second-order quadrupole effects. For individual 
sites well-defined powder patterns are obtained, in principle, 
from which the quadrupolar interactions can be determined. The 
distinct quadrupolar features of the resonances are often blurred 
in (partly) amorphous systems due to distributions in isotropic 
chemical shift and quadrupolar interaction. Moreover, when 
several sites are present in a sample, this soon leads to overlap 
of the resonances, thus hampering the spectral analysis. To 
overcome these problems, new averaging schemes, double­
rotation (DOR),23 dynamic angle spinning (DAS)24,25 and, very 
recently, multiple-quantum MAS NMR (MQMAS) were intro­
duced.26 Since MQMAS is technically less involved than DOR 
and DAS, it was soon picked up by several research groups 
who demonstrated its usefulness for a number of crystalline 
materials 27-30 In the present contribution we will demonstrate 
that this MQMAS experiment is also very useful for the 
y-AhOa-supported catalysts under study here, and amorphous 
systems in general, where not only several different Al sites 
but also distributions in isotropic chemical shifts and quadrupolar 
interactions are present.
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A detailed knowledge of the (average) quadrupolar interaction 
encountered in the samples.gives further information of the local 
stnicture of the sites and can be helpful for the interpretation 
of the MAS and MQMAS spectra. Nutation NMR31,32 has been 
proven to be successful in determining the quadrupolar interac­
tions. The shape of nutation spectra is a function of the ratio 
between the quadrupole interaction (vq) and the field strength 
(Vrf). Typically, field strengths of 40-70 kHz are used, in which 
case the nutation spectrum is well resolved for quadrupolar 
coupling constants (Cqc(J) in the range 1—3 MHz (for spin I  =  
5/2). Quadrupole interactions larger than 3“ 4 MHz result in 
just one nutation frequency at (/ -b 1/2)vri*. To overcome the 
problems associated with a limited rf-field, off-resonance 
nutation NMR was introduced.33 The idea of this method is to 
use a resonance offset that creates an appropriately large 
effective field in the rotating frame. This allows well-structured 
nutation spectra to be obtained even if the quadrupole interaction 
is large. Furthermore, it was shown that off-resonance nutation 
NMR can be successfully used to obtain information about the 
average quadrupole parameters in amorphous systems.34 In the 
present contribution we exploited this fact to obtain information 
about AI2Ö3- and y-AhO.rsupported hydrotreating catalysts.
Experimental Section
Samples* Catalyst precursors and some of the model 
compounds were prepared in our laboratory; some other model 
compounds were acquired from commercial suppliers; (NI-L0 - 
Al(SCXi)rl2H?0  (Aldrich, 99%), a-AhOti (“Calcinet” from R 
& L Slaughter), and y-AbOj (Condea, surface area 230 m2/g, 
pore volume 0.53 cm-Vg). The catalyst precursors were prepared 
by pore volume impregnation of the y-Al^O;* support with 
aqueous solutions of NH4H2PO4 or ( N H < 1 ) <, M 0 7 O 2.1 •4H2O. The 
catalysts were slowly heated to 383 K and dried for 12 h in 
ambient air. They were named PM/y-AhCh or MoM/y-A^O^, 
the number in parentheses indicating the amount of phosphorus 
or molybdenum in wt %. A sample of *Mo(12)P(2 )/y-Al2 0 ;i 
was prepared by a second impregnation of the dried P(2)/y- 
ÀI2O3 catalyst with a heptamolybdate solution, followed by 
drying at 383 K as described above and by calcination at 673 
K for 2 h (indicated by the asterisk) in ambient air. Amorphous 
and crystalline AIPO4 were prepared according to the method 
of Kehl;35,36 A solution of aluminum nitrate (98% Al(NOj)3* 
9H2Ö) and phosphoric acid (85% lT*PtXj) as well as 12.5% 
ammonia for pH control was slowly added to a well-mixed 
vessel containing distilled water as a stirring medium while 
maintaining a constant pH of 8 (for amorphous AIPO4) or 2.3 
(for crystalline AIPO4). The addition was continued until the 
aluminum ni Irate “-phosphoric acid solution was consumed. The 
resulting slurry was filtered and washed with water. The filter 
cake was dried (393 K, 3 h) and calcined (673 K, 5 h). XRD 
measurements (Siemens D5000) confirmed that the samples 
were amorphous or crystalline, as desired. For the synthesis 
of aluminum molybdate (À^MoCWs), appropriate quantities 
of y-AhOj and M0O3 were intimately mixed and heated to 1023 
K in air for 12 h .37 The X-ray powder pattern was compared 
with a simulation using the time-of-flight powder neutron 
diffraction structural data of Harrison et al.38
NMR Measurements* NMR spectra were obtained on a 
Bruker AM-500 spectrometer with a magnetic field strength of 
11.7 T, corresponding to a 27A1 Larmor frequency of 130.32 
MHz. The 27A1 chemical shift was referenced using AKHoOV3* 
in an aqueous solution of AHNO.^ as external standard. For 
all samples the effective relaxation delay was determined in a 
saturation recovery experiment, ensuring the use of appropriate 
relaxation delays for all experiments.
MQMAS experiments were recorded using the two-pulse 
sequence.2**’30’39,40 Typical spinning frequencies were 13 kHz, 
using zirconia rotors. The rf-field strength was ~65 kHz. A 5 
^s preparation and mixing pulse was used, and 128 (/1) x 512 
O2) points with dwell times At] — 5 ^s, Àƒ2 =  8 ^s were 
acquired. Phase cycling over four times six phases was 
employed to select triple-quantum coherences during the evolu­
tion period. TPPI was used to obtain pure absorption mode 
line shapes. The spectra were processed without further filtering 
or shearing.
Off-resonance nutation spectra were recorded under slow 
MAS conditions (ca. 2.5 kHz), in order to be able to discriminate 
between otherwise overlapping peaks. The spinning speed was 
chosen so low that the pulse duration did not exceed about one- 
fourth of a rotor period. This ensures that the sample can be 
considered static during the evolution period of the nutation 
spectrum. A Bruker 7 mm MAS multinuclcar resonance 
probehead was used. As preparation period, a frequency- 
stepped adiabatic half-passage was applied.41 The spectra were 
recorded with 64 or 128 pulse length increments of 1 /es and 
resonance offsets of about 150 kHz. Magnitude spectra were 
obtained whose sum projections along the Fpaxis tire the spectra 
shown in the figures.
The quadrupole nutation spectrum of Al2(Mo04>3 was 
recorded on a Bruker AMX400 spectrometer (9.4 T, 21 A\ 
resonance frequency 104.26 MHz) with a Bruker MAS multi- 
nuclear resonance probe. The zirconia rotor with Kel-F cap 
was spun at 2 kHz. The spectrum was measured at a radio 
frequency power of 32.2 kHz, with 64 pulse length increments 
of 2 JMS.
Theory
2D MQMAS NMR. Two-dimensional multiple-quantum 
magic angle spinning NMR was introduced recently by Frydman 
and Harwood,26 The basic idea of this experiment is to refocus 
second-order quadrupolar broadenings in MAS NMR spectra 
by creating echoes of multiple-quantum transitions and the 
directly observable central transition of a half-integer spin 
system, It is well-known that magic angle spinning averages 
chemical shift and dipolar anisotropies, but not quadrupolar 
interactions. For half-integer quadrupolar spins the, generally 
observed, central ( 1/2 ,—1/2 ) transition is broadened in second- 
order by the quadrupolar interactions. The angular dependence 
of this interaction contains fourth-rank terms that are not 
canceled by MAS. As was shown by Vega and Naor,42 (4-m,— 
m) multiple-quantum transitions are also broadened only in 
second-order by the quadrupolar interaction. Frydman and 
Harwood26 realized that the angular dependence of these 
multiple-quantum transitions has a form similar to that of the 
central transition but with different zero-, second-, and fourth- 
rank coefficients. With the second-rank terms averaged by MAS 
a two-dimensional correlation experiment was devised that leads 
to a refocusing of the fourth-rank term of the central transition 
due to the development of the fourth-rank term of the (H-m,— 
m) multiple-quantum transition during the evolution period of 
the experiment. The refocusing occurs at a time ti =  €4(1 ,171)/ 
Ci(/,l/2 Vi, where C|(/,m) and Ci(/,I/2 ) are the fourth-rank 
coefficients of the multiple-quantum and central transitions, 
respectively. Two-dimensional Fourier transformation of these 
signals leads to a spectrum with the resonances located at40
.esv, =  2 mv1"’ +  C0(/,m)v„Q +  C4(I,m )P ^co s  
v 2 =  v c$ +  CQU, 1/2 )v0q +  CA(J, 1/2 )?.,(cos /Jm)v„Q(ö,0 ) ( 1)
Q
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where vcs is the isotropic chemical shift, i'oQ is the quadrupole- 
induced shift, and v4Q(0 ,0 ) is the fourth-order angular depend­
ence responsible for the second-order line broadening. At the 
magic angle the fourth-order Legendre polynomial /^(cos ß m) 
=  —7/18. In our experiments we used triple-quantum MAS 
NMR for the /  =  5/2 27Al, in which case C4(5/2,3/2) =  228, 
C4(5/2,l/2) =  144, C0(5/2,3/2) =  6 , and C0(5/2,1/2) =  8 . For
a specific resonance this leads to the following spectral 
features: In the absence of a quadrupolar interaction the 
resonance is situated on the line V\ — 3v2\ therefore the spectra 
are plotted in such a way that this is the diagonal. When a 
quadrupolar’ interaction is present, the center of gravity of the 
resonance is displaced from this line by the quadrupolar-induced 
shift in the direction V\ =  3 /4 ^2; this is indicated in the spectra 
by a vector labeled QIS. Furthermore the line is now broadened 
by the second-order quadrupolar interaction along the direction 
v\ =  19/12^2, indicated by a line labeled Anisotropy. Thus 
the resonances of individual sites appear as narrow ridges 
parallel to the Anisotropy line. More details of the specific 
features in these spectra, together with the possibilities of 
shearing transformations to have the isotropic dimension in F\ 
and the anisotropic dimension along Fiy and their application 
to a number of crystalline compounds can be found in the recent 
literature.27,28,30’39,40
OfF-Resonance Nutation. The basic idea of the nutation 
experiment is to study the evolution of the spin system in a 
small radio frequency field in the rotating frame, The shape of 
2D-nutation spectra depends on the ratio of the quadrupole 
frequency Vq and the strength of the radio frequency field vrf. 
Nutation spectroscopy yields just one line when vq/vrr > 1, 
however. The basic idea of the off-resonance nutation experi­
ment is to introduce a resonance offset during rf irradiation in 
a 2D-nutation experiment when the available rf field strength 
is insufficient to obtain a meaningful “normal” nutation 
spectrum. The evolution of the quadrupolar spin system in the 
rotating frame is studied in the effective field, which is the vector 
sum of a resonance offset A v  and the irradiation power vrf. This 
effective field can be much greater than the irradiation power 
itself. Thus it is possible to get characteristic powder spectra 
with clear features by choosing the appropriate resonance offset 
for compounds with great quadrupolar coupling. The Hamil­
tonian during the evolution period is given as
Hj =  h A v h  -  ftvJL +r f . v
hv Q
12 (3 cos2 0 - 1 -4-97 sin2 0 cos 20X3I ,2 - 1 ( 1 +  1 )) (2 )
where 6 and cj) are the polar angles orienting the magnetic field 
in the principal axis system of the field gradient tensor, vq =  
3Cqcc/[2/(2/ — 1)], with Cqcc =  e2qQ lh , and ?/q is the asymmetry 
parameter. To calculate the spectra, the Hamiltonian (2) is 
diagonalized numerically using a PC-based program. A detailed 
theoretical description of the off-resonance nutation experiment 
together with experiments on a number of model compounds 
has been given before.33 In a subsequent study of a series of 
glasses it was shown that off-resonance nutation can be used 
in amorphous systems to get information about the average 
quadrupole parameters. It contains no information, however, 
about the distribution of these parameters.34 This is due to the 
fact that off-resonance nutation relies on line intensities in order 
to discriminate between different sites. This can be disadvanta­
geous for the discrimination of different sites, but it is 
advantageous for the determination of the average quadrupolar 
parameters. When distributions exist as in the cases studied in
400 -200 0 200  400 
Nutation Frequency (kHz)
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Figure 1. (a) Single-pulse excitation 27Al MÄS spectrum of amorphous 
A IPO,;, showing the resonance of tetrahedral ly coordinated aluminum 
at 42 ppm, pentacoordinated aluminum at 12 ppm, and oetahcdrally 
coordinated aluminum at —11 ppm, The peak at 105 ppm is due to an 
ÀÎ impurity in the SijN.i rotor, For every coordination the experimental 
(top trace) and simulated (bottom trace) off-resonance nutation spectrum 
is given; (b) 4-fold coordination, — 47 kHz, l'on =  146 kHz, Cqw 
=  3.4 MHz, and =  1; (c) 5-fold coordination, v{\ — 47 kHz, v„tr =  
150 kHz, Cqcu5=5 3,1 MHz, and >/q =  I; (d) 6-fold coordination, vri- =  
47 kHz, vU(t — 154 kHz, Cqcc — 2,7 MHz, and ?/(, =  I. In the 
experimental spectra the uninformative zero-frequency signal was 
removed,
this work, no smearing out of the spectral lines over a wide 
frequency range occurs.
Results
MAS, MQMAS, and Off-Resonancc Nutation NMR. The
aim of the present work is to obtain information about the 
changes that occur at the surface of y-alumina after impregnation 
with molybdate or phosphate. The compounds studied were 
y-AI2O3, Mo(12yy-Ah03, P(2)/y-Al2Cb, P(10)/y-Ah03} and 
*Mo(12)P(2 )/y-Al2 0 3 , as well as amorphous ÀIPO.1 and 
Al2(Mo0 4)3, as their formation in catalyst precursors has already 
been reported. 13’19 The MAS line shapes in all the samples were 
broad and featureless, and spectral overlap occurred in some of 
the samples. Thus it is doubtful if one can assign all the lines 
correctly from the MAS spectra alone. Furthermore, they are 
uninformative with respect to the size and distribution of the 
quadrupolar interaction. Therefore, we tried to get this informa­
tion by combined use of multiple-quantum MAS NMR and 
nutation NMR. As fairly large quadrupolar interactions are 
encountered, we performed off-resonance nutation experiments.
The single-pulse MAS spectrum of amorphous AIPO4 consists 
o f  three peaks (Figure 1). The signals at 42 and — 11 ppm (peak 
maxima) are due to tetrahedral and octahedral aluminum atoms. 
A peak at 12 ppm can, according to a recent REDOR study on 
this sample,43 be tentatively assigned to f iv e -co o rd in a te d  
aluminum atoms with phosphorus in their seco n d -co o rd in at io n  
sphere. For all three signals the off-resonance nutation spectra 
(F i dimension) are displayed in Figure lb-d (upper trace), 
together with the corresponding simulations (lower trace). The 
simulations yielded very similar quadrupolar coupling param­
eters for the four-, f i v e - ,  and six-coordinated sites, Cqcc — 3.4, 
3.1, and 2.7 MHz, respectively. Although the spectra are not
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Figure 2. 27A 1 3Q-MAS spectrum of amorphous AIPO4, The fact that 
the lines run parallel lo the isotropic chemical shift axis shows that the 
lines are dominated by a distribution in chcmical shift (see text).
extremely sensitive to changes in ?/q, it is clear that 7/q is large,
1.e. close to 1 for all three sites. Some remarks about the 
comparison of the calculated and experimental spectra are in 
place here. As can be seen, the line shapes are different for 
calculated and experimental spectra. As has been described 
before,3* ^ 1 this is due to the fact that the experimental spectra 
are projections of 2D magnitude spectra, whereas the calculated 
spectra are calculated as ID spectra convoluted with a magnitude 
Lorcntzian, in order to keep fitting times within reasonable 
limits. Furthermore, the small lines at negative frequencies are 
generally somewhat larger in the experimental spectra as 
compared to the theoretical ones. Despite these small discrep­
ancies, we established by measuring several model compounds 
and by comparing the field-dependent quadrupolar-induced shift 
data and off-resonance nutation spectra of albites'1'1 that it is 
possible to determine the quadrupole coupling constant with 
an accuracy of approximately ± 10%.
The MQMAS spectrum of the compound, displayed in Figure
2, shows some interesting features. A striking fact is that the 
lines are tunning parallel to the isotropic shift axis and not along 
the quadrupolar anisotropy axis. This means that the lines are 
dominated by a large distribution in the chemical shift. This 
directly explains why the MAS line shapes are much broader 
than expected on the basis of the Cqcc\s obtained from the 
nutation data. The distribution in quadrupole-induced shift is 
much smaller than the distribution in isotropic chemical shift. 
This does not mean, however, that the distribution in quadrupole 
interaction is very small, as at 11.7 T a distribution in Cqcc of 
1 MHz would only lead to a distribution of induced shifts of 2 
ppm. Indeed we observe a little curvature of the lines away 
from the isotropic shift line at the high-field side of the 
resonances, which can be attributed to the distribution in the 
quadrupole interaction. The sites with the largest quadrupole 
interaction have the largest quadrupole-induced shifts and are 
thus shifted further from the isotropic shift line.
To get an independent check on the quadrupole coupling 
constants determined from the nutation data, we may estimate 
the average induced shift from the displacement with respect 
to the isotropic shift line of the peaks in the MQMAS spectra. 
Taking the nonuniform excitation and possible phasing problems 
into account, this method is not very reliable, but may serve as 
an indication for the order of magnitude of the average 
quadrupolar interaction. Assuming a large 7jC]i we find Cqcc*s 
of 3.5, 3.5, and 3.2 MHz for the four-, five-, and six-coordinated
400 *200 0 200 <100 
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Figure 3. (a) Single-pulse excitation 27Al MAS spectrum of AI2- 
(MoO,|)3 at 9.4 T, together with the experimental (top trace) and 
simulated (bottom trace) nutation spectra of the two lines; (b) i',r =  
32 kHz, 1'oir — 1 kHz, C,™ =  1.0 MHz, and j/„ =  0.9 for the line al
11 ppm; (c) Vrr =  32 kHz, vnir 
1.0 for the line at —13 ppm.
1.3 kHz, Cqcc = 1 .1  MHz, and
aluminum, respectively. This is in good agreement with the 
off-resonance nutation data.
The single-pulse MAS spectrum of AbfMoCXih shows two 
signals at —11.2 and at —13.2 ppm (at 9.4 T), Experimental 
and simulated F \-spectra for these two signals are displayed in 
Figure 3. AhCMoCXOa has four different crystallographic 
aluminum sites. Haddix el al.45 have shown using DOR 
spectroscopy that each of the MAS signals is a superposition 
of signals from two different sites. Since the quadrupolar 
coupling parameters for both pairs of sites seem to be very 
similar, also the nutation spectra coincide. These nutation 
spectra have been measured at resonance with a radio frequency 
field of 32.2 kHz, because the quadrupolar coupling constants 
are much lower than those of the other investigated com­
pounds: Cqcc = 1 .0  MHz, ?/q =  0.9 for the signal at —11.2 
ppm and Cqcc =  1.1 MHz, ?/<, =  1.0 for the signal at —13.2 
ppm. These experiments confirm the data obtained by Kunath- 
Fandrei et al. using satellite transition NMR spectroscopy.40
Tetrahedral and octahedral aluminum atoms in y-AhO* 
resonate at 67 and 9 ppm under single-pulse MAS conditions 
(note that these are the positions of the peak maxima and not 
isotropic chemical shifts). Figure 4 exhibits experimental and 
simulated off-resonance nutation spectra for these two peaks. 
The nutation spectrum of tetrahedral aluminum atoms could best 
be simulated with CqcL* £  5.0 MHz and 0 < ?/q < 0,5, the 
spectrum of octahedral atoms with Cqa; =  4.5 MHz and also 
small ?7q. As already mentioned, we do not claim that these 
simulations are unique; they should be interpreted as average 
values and are accurate to about 0.5 MHz. Nonetheless the 
similarity between measured and simulated spectra is satisfac­
tory.
That there is a large distribution in both isotropic chemical 
shift and quadrupolar interaction can be seen in the MQMAS 
spectrum of y-AI2O3, as displayed in Figure 5. The lines run 
parallel to the isotropic shift axis at the low-field side, indicating 
a distribution in chemical shifts. At the high-field side they 
bend away strongly in the induced shift direction, reflecting a 
distribution in quadrupole interactions. Again the induced shifts 
obtained from the spectra corroborate the Cqai values obtained 
from the off-resonance nutation data.
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Figure 4. (a) Single excitation 21 Al MAS spectrum of y-hhO^, 
showing the resonance of tetrahedrally coordinated aluminum at 67 
ppm and octahedrally coordinated aluminum at 9 ppm. The peak at 
105 ppm is due to an Al impurity in the S13N4 rotor. For every 
coordination the experimental (top trace) and simulated (bottom trace) 
off-resonance nutation spectrum is given; (b) 4 -fold coordination, vrr 
=  47 kHz, 1'oit =  141 kHz, Cq(X = 5 . 0  MHz, and j/t] =  0.3; (e) 6-fold 
coordination, v Tf =  47 kHz, v crt =  150 kHz, ~  4.5 MHz, and 
=  Ö.3. In the experimental spectra the uninformative zero-frequency 
signal was removed.
FI
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Figure 5. 27A1 3Q-MAS spectrum of y-AhOa, Both the tetrahedral 
(G_IV) and the octahedral line (G_VI) run parallel to the isotropic 
chemical shift axis and then bend off in the quadrupolar induced shift 
direction, indicating that the resonances experience both a distribution 
in chemical shift and quadrupolar interaction (sec text). Spinning 
sidebands are marked with an asterisk.
The single-pulse 27Al NMR spectra of the samples containing 
2  wt % phosphorus (P(2 )/y-Al2O;0 or 12 wt % molybdenum 
(Mo(12)/y-Al2C>3) are identical to the spectrum of y-AhOj itself. 
The nutation spectra for tetrahedral and octahedral aluminum 
atoms in these two samples can be simulated with the same 
values as the nutation spectra of y-Al20 3 . Also the MQMAS 
spectra of these samples are identical to that of y-AkOa, showing 
no indication of different Al signals.
The P (1 0 )/y-Al203  sample containing 10 wt % phosphorus 
shows again the two signals at 9 and 67 ppm due to octahedral 
and tetrahedral aluminum atoms of the support in its single­
pulse spectrum. In addition, there is a signal at 46 ppm, which 
overlaps with the peak at 67 ppm. The nutation spectrum of 
the signal at 67 ppm could be reproduced well with a simulation 
using the quadrupolar coupling parameters obtained for tetra-
Figure 6. (a) Single pulse excitation :r/Al MAS spectrum of P(10)/ 
y-AhO.i, showing the resonance of tetrahedrally coordinated aluminum 
ut 67 ppm with a shoulder at 46 ppm and octahedrally coordinated 
aluminum at 9 ppm. The peak at 105 ppm is due to an AI impurity in 
the ShKi rotor, (b) Experimental off-resonance nutation spectrum of 
the line at 46 ppm (trace iv); the simulation of this spectrum (trace iii) 
is accomplished by summing simulated spectra of the tetrahedral 
y-AhO.i (trace i; vrf — 47 kHz* v0n =  146 kHz, C,F  =  5.0 MHz, and 
//t, =  0.3) and AIPO4 resonance (trace ii; i'ri ^  47 kHz, v0n =  146 kHz, 
= 3.4 MHz., and j/q =  l). This indicates that AIPO.i was formed 
during impregnation, (c) The octahedral off-resonance nutation pattern 
could be simulated using only the values for y~AbO,i ()'rr =  47 kHz, 
vl(if =  150 kHz, Cue == 4.5 MHz, and ?/<i — 0.3). Apparently the 
intensities of the nutation spectra of 5- and 6-fold-coordinated ÂIPO4 
are too small to significantly contribute to the overall nutation spectrum. 
In the experimental spectra the uninformative zero-frequency signal 
was removed.
Cqcc
hedrally coordinated aluminum atoms in y-AbO.v Due to the 
slow rotation frequency necessary for these nutation experi­
ments, the first spinning sideband of this signal coincided, 
however, with the peak at 46 ppm. Figure 6 shows a nutation 
spectrum simulated with the parameters obtained for tetra­
hedral ly coordinated atoms in amorphous AlPO.j (trace b, ii) 
and a simulation for corresponding atoms in y-AhO.i (trace b, 
i). Taking an appropriately scaled sum of these traces (b, iii) 
gives the best similarity to the experimental nutation spectrum 
(trace b, iv). The nutation spectrum of the signal at 9 ppm could 
be well simulated using the parameters for octahedrally coor­
dinated atoms in y-AhOj without further additions. If some 
amorphous AIPO4 has formed on the surface, the intensities of 
the 5- and 6 -fold coordinated sites (which would lie under the 
broad 9 ppm resonance) are too small to significantly influence 
the nutation spectrum,
The MQMAS spectrum of this compound (Figure 7) clearly 
shows that the spectrum consists of a superposition of y-AhOi 
and AIPO4 signals (compare Figures 2, 5, and 7). There are 
some small but interesting differences, however. The tetrahedral 
line of the AIPO4 phase is narrower and does not bend away 
from the diagonal as much as in the pure compound. This is 
in agreement with our observations in a REDOR study of these
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Figure 7. ~7AI 3Q-MAS spectrum of P(10)/y-Abö.v From this 
spectrum il is immediately clear that it consists of a superposition of 
y-AbOj (lines G„JV and G_VI) and amorphous AlPO.i (lines P_IV, 
P V and P.JV), Note, however, that the tetrahedral P IV line is
HVVT
significantly narrower in this sample as compared to the pure AlPCXj.
materials, which also indicated that the resonances of the AIPO4 
on the impregnated samples are narrower than those of pure
AlPCV1*
A sample of y-AhOj impregnated with phosphorus and a 
large amount of molybdenum, calcined after the second 
impregnation (*Mo(l2 )P(2 )/y-Al2O.0 , gave a single-pulse MÄS 
spectrum that was quite similar to that of pure y-AhOj. The 
quadrupole parameters obtained from the nutation spectrum of 
the tetrahedral aluminum atoms are slightly lower than those 
obtained for pure y-AhO.v But the values still coincide within 
experimental error, The nutation spectrum of the octahedral 
aluminum atoms in this sample differs significantly, however, 
from that of the octahedral line in pure y-AhOj. It is not 
possible to get a good simulation of the spectrum of *Mo(12)P(2)/ 
y-AliOj only with the values for y-AliO^, whereas the spectrum 
could be reproduced well by adding an appropriately scaled 
spectrum simulated with average parameters for the two lines 
of Al2(Mo()*ih to the simulation of the nutation spectrum for 
octahedral aluminum atoms in y-AhOj (compare Figure 8). That 
there is indeed an extra resonance present is clearly seen in the
MQMAS spectrum of *Mo(12)P(2)/y-Al;A (Figure 9). Clearly, 
the spectrum is dominated by the y-AhOj resonances, but the 
extra line that was hidden under the octahedral peak in the MAS 
spectrum shows up close to the diagonal, meaning that the 
quadrupolar interaction is indeed small. Considering the line 
width, we assume that some amorphous AhtMoCMs has formed 
on the surface. Besides this line a very small peak is visible at 
~45 ppm, where we found the resonance of the tetrahedral 
aluminum in amorphous AIPO4. We can thus conclude that a 
very small amount of AIPO4 has formed as well.
As this study deals with the study of the modification of the 
y-AhOj surface under impregnation conditions, it is important 
to know if all the aluminum in the samples is observed. 
Therefore an accurate quantitative evaluation of the MAS spectra 
was performed using the well-characterized a-AhOy17 as a 
reference compound. For pure y-AlaO-i and P(2 )/y-Ah0 3 * we 
find a “visibility’* of approximately 90%. In the samples 
impregnated with 10 wt % phosphorus and the *Mo(12)P(2)/ 
y~Al2 0 3 , 80% of the aluminum is detected. Finally this 
decreases to 70%) for the Mo(12)/y-Al2Ü3. Thus in all the 
samples a significant fraction of the aluminum atoms escapes 
detection by NMR. O’Reilly20 and Huggins and Ellis21 also 
reported a loss of signal intensity in y-AhOj, and in their case
Ngtaiion Frequency (kHz)
Figure  8. (a) Single-pulse excitation 27A1 MAS spectrum of 
*Mo(12)P(2 )/y~Al20;i, which looks identical to the spectrum of pure 
y-AkO*. (b) Indeed the experimental off-resonance spectrum of the 
tetrahedral resonance (top trace) could be simulated with values that 
coincide with those of pure y-AliO^ within the experimental error 
(bottom trace; r rc =  41 kHz* v0a- =  155 kHz, Cqcc =  4.6 MHz, and y Kl 
=  0.3). (c) However, the experimental off-resonance nutation spectrum 
of the octahedral line (trace iv) can only he simulated (trace iii) by 
summing simulated spectra of the octahedral y-AbOj (trace ii; v r\ =  
41 kHz, =  144 kHz, Cqu* =  4.5 MHz, and ?/,, =  0,3) and a spectrum 
with quadrupole parameters similar to those of AhtMoO^h (trace i; v tt 
“  41 kHz, v„rr — 144 kHz, =  1.0 MHz, and =  1).
I*"" ........f ' n r - i
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Figure 9. 27AI 3Q-MAS spectrum of *Mo( 12)P(2)/y-Al20.i. From this 
spectrum it is clear that an extra signal at '— 5 ppm (M_VI) is hidden 
under the octahedral y-A^O* peak (G_VI), which is attributed to the 
formation of  some amorphous aluminum molybdate compound on the 
surface. From the small signal al ~-45 ppm (P_.IV) we conclude that a 
very small amount of AlPO.i has formed as well.
the intensity losses were much higher. O 1 Reilly found a 
correlation between aluminum visibility and surface area of the 
materials. According to his study, assuming that the quadrupole 
interaction of Al in the first two layers is too large to be 
observed, a material with a surface of 230 m2 should have an 
aluminum visibility of 70%. Huggins and Ellis observed 55%
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TABLE 1: Peak Positions, Average Quadrupolar Coupling Constants, and Overall 27AI NMR Visibility of the Studied 
Compounds
sample
Al
coordination
average C\]Qc 
(±0.5 MHz)
peak maximum 
at 11.7 T (±1 ppm)
overall Al 
visibility (±6%)
(X-AI2O3
A12(Mo04)3 
amorphous AIPO4
y-Ai2o3
Mo(12)/y-Al20;
P(2)/y-Al20 3
PClOVy-AlzOs
*Mo(12)P(2)/y-Al203
6
6
6
4
5
6 
4 
6 
4 
6 
4 
6 
4 
4 
6 
4 
6
2.38
1.0
1.1
3.4 
3.1 
2.7
>5.0
4.5
5.0
4.5
5.0
4.5
5.0
3 .4 +  5.0*
4.5
4.6
4.5 +1 .O*
14 
- 11" 
- 1 3« 
42 
12 
- I I  
67
9
67
9
67
9
67
46
y
67
9
100% 
100%
97 %
90%
71 %
91 %
78%
83%
0 Obtained at 9.4 T. h These spectra were simulated as a sum of two species (see text)«
of the Al atoms for a material with a surface of 220 m2. They 
hold dynamic processes at the surface, inducing a very efficient 
quadrupolar relaxation path, responsible for the signal loss. 
Although much higher visibilities are found in our case, it is 
still important to realize that despite the fact that we can observe 
the formation of new surface compounds upon impregnation, 
there is a considerable fraction of aluminum that escapes 
detection, A detailed study of the effects causing these signal 
losses, concentrating on surface variations and the effect of 
paramagnetic impurities, is underway. The NMR parameters 
obtained for the various compounds are summarized in Table 
1 .
Discussion
b
Bulk and Surface Structure of y-A^Oa. y-A^Oa is a 
transition alumina that is formed upon the dehydroxylation of 
boehmite. It has a spinel type structure, consisting of cubic 
close packed layers of oxygen ions with the cations distributed 
over the associated tetrahedral and octahedral interstices. For 
reasons of charge balance, cation vacancies must exist. The 
distribution of the cation vacancies over the octahedral and 
tetrahedral interstices may depend on the crystallinity and 
impurities of the starting materials and on the dehydroxylation 
conditions. Therefore the spinel lattice is usually distorted, with 
disordering of the aluminum atoms, but a fairly well ordered 
oxygen sublattice. The structural disorder is reflected in a 
diffuse XRD powder pattern.48,49 It can be expected that the 
disordering of die aluminum atoms is also causing medium or 
large electric field gradients at the sites of the aluminum atoms, 
resulting in medium or large values of the quadrupolar coupling
constant* C,
Quadrupole nutation NMR experiments have often been used 
and shown to be reliable for determination of quadrupolar 
coupling parameters in crystalline compounds. Furthermore, 
they also allow one to discriminate between sites with differing 
Cqcc that are not separable by single-pulse excitation MAS 
NMR .50 Nevertheless, the quadrupole coupling parameters of 
y-Al2 0 3  had not been determined yet, The possible reason is 
that the radio frequency power v,f and the quadrupolar coupling 
frequency v q  must be of the same order of magnitude in order 
to get spectra that can be compared to simulations. But many 
commercial, especially standard-bore, probes can only be 
operated with radio frequency powers of up to 50 kHz. In this 
study the newly developed off-resonance nutation spectroscopy
qcc
was used, enabling one to work with effective fields of one’s 
choice, in this case about 150 kHz. The average quadrupolar 
coupling constants thus measured (CMüc £ 5.0 MHz for 
tetrahedrally coordinated atoms, C(ice *= 4,5 MHz for octahe­
drally surrounded atoms) are indeed quite large, reflecting the 
structural distortion of the sites. The asymmetry parameter was 
determined to be small for both sites. The spectra are not 
extremely sensitive to however, It is unlikely that such a 
structurally disordered material as y-AbOj, due to crystallo- 
graphical displacements, results in just one type of tetrahedrally 
or octahedrally coordinated Al atoms with a well-defined 
quadrupolar coupling constant. On the contrary, it is more likely 
that a distribution of sites exists with a distribution of chemical 
shift and quadrupolar parameters. As was already discussed,34 
off-resonance nutation spectra are not very sensitive to these 
distributions. The MQMAS spectrum directly showed, however, 
that there is a large distribution in both isotropic chemical shift 
and quadrupole interaction. Indeed a recent satellite transition 
spectroscopy (SATRAS) study of another alumina, X-AI2O3, also 
demonstrated the existence of large average CMCc (2,7-5.0 MHz) 
and broad distributions,51
Surface Structure of Phosphate on y-AhO.v The NMR
visibility of Al has not significantly changed upon impregnation 
for the P(2 )/y-Al203  sample, In the case of P(2 )/y-Ah0 3  the 
support has been impregnated with a solution containing NH4H2- 
PO4. This leads to the adsorption of mono- or polyphosphates 
at the surface, which remain there after drying of the sample. 
Assuming a PaO^-like structure for a monolayer fully covering 
the surface of the support, it can be calculated that monolayer 
coverage corresponds to a loading of the catalyst with 4,7 wt 
% phosphorus. This is equivalent to 6 x 101H phosphorus atoms 
per m2 and of the same order of magnitude as the number of 
hydroxyl groups on this y-AhO.v52 Thus in the investigated 
sample with 2  wt % phosphorus about 40% of the alumina 
surface is covered by phosphorus. No new sites with different 
quadrupolar coupling parameters could be observed, however. 
Probably, the interaction between the phosphate groups and the 
y-AfeOa is very weak at low phosphorus loadings, thus not 
changing the chemical shift or the electric field gradients. 
REDOR experiments showed, however, that phosphorus is in 
close contact with aluminum in the P(2 )/y-AhÖ3 and that the 
resonance positions of these aluminum atoms differ from those 
of the native y-AljOa.43 So we must conclude that the sensitivity
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of the experiments is too low to observe these sites in a
reasonable amount of time.
In a sample containing 10 wt % phosphorus (P( 10)/y-AI2O3) 
there is surely more than enough phosphorus to form a 
m onolayer on the surface of the support. This leads to the 
formation of an additional surface compound, as is clearly 
demonstrated by the MQMAS experiments. By comparison we 
can clearly assign the newly detected signals to amorphous 
AIPO4. Changes in the line shape indicate, however, that the 
structure of the AlPCXi layer 011 the y-AhO^ surface is better 
defined than the structure of the amorphous AIPO4 itself. This 
confirms our observation in a previous REDOR NMR study of 
the same samples/ 0  Several authors suggested the formation 
of amorphous AIPO4 for similar catalysts with high phosphorus 
loading.l3,IK,53,5t| An additional indication for this assignment 
is that the off-resonance nutation spectrum of the 46 ppm signal 
can be simulated by a sum of two contributions, one with 
quadrupolar coupling parameters of tetrahedrally coordinated 
Al atoms of y-AbOj and the other with corresponding values 
of amorphous AIPO.1. The contribution from y-AbOa is due 
to a spinning sideband of the 67.0 ppm line.
In the P( 10)/y-AI2O3 sample the ratio between tetrahedrally 
and octahedrally coordinated aluminum atoms had changed, 
relative to that of y-AbAv About 38% of the “visible” 
aluminum atoms are tetrahedrally coordinated. This can be 
explained by the formation of a certain amount of A1PCM on 
the surface. The intensity ratio found for amorphous AIPO4 is 
54:13:33 for four-, five-, and six-coordinated atoms. During 
the formation of AlPO.i on the surface of y-AI2O.1 some of the 
six-coordinated aluminum atoms must undergo a change to 
tetrahedral coordination. This may be the reason for a large 
distortion of some of these atoms, making them undetectable 
by MAS NMR. Indeed the overal visibility of Al in this sample 
was reduced with respect to the native y-AljO.v
The Octahedral/Tetrahcdral Aluminum Ratio at the 
Surftice. It is still disputed whether only octahedrally coordi­
nated aluminum atoms are found at the surface of y-AbOa or 
octahedrally as well as tetrahedrally coordinated atoms. This 
depends on the favored crystallographic orientation of the 
surface and on the exposed surface plane, as discussed by van 
Leerdam et al.5S They concluded from low-energy ion scattering 
that the so-called D-layer of the (110) face containing only 
octahedrally coordinated aluminum atoms is the most abundant 
surface plane of y-AbAv The pseudomorphosis considerations 
of Lippens41* led to the same conclusions. Two different layers 
parallel to the (110) face are imaginable, however. The second, 
so-called C-layer contains 40% tetrahedrally coordinated alu­
minum atoms. Other authors believe that the (111) plane is 
most important/1** Again there arc two possible layers, one 
containing octahedrally coordinated atoms only, the other 
containing 57% tetrahedrally coordinated atoms. Majors and 
Ellis56 argued on the basis of ,5N NMR of pyridine adsorption 
on y-AhO.i that the exposed crystal faces will be a mix of the 
(111) and (110) planes. Also Knözinger and Ratnasamy57 
concluded that at least two faces should be present at the surface, 
because the appearance of five different OH infrared vibrations 
cannot be explained by one single-crystal plane. If the most 
abundant surface planes would only contain octahedrally 
coordinated atoms, the ratio of octahedrally and tetrahedrally 
coordinated atoms in the NMR spectra of y-AbOj and catalyst 
samples with a different Al atom visibility should be different, 
but in the investigated samples this ratio stays nearly constant 
at 68:32. Therefore it is probable that the exposed surface planes 
contain both types of aluminum atoms, unless more than one 
aluminum layer is affected by the processes described above.
We must keep in mind, however, that in all samples a part of 
the signal escapes detection, which hampers us in drawing 
definite conclusions.
The ratio between the two types of coordinations is also 
connected to the question whether the cation vacancies prefer 
one of the two kinds of interstices. If all vacancies occupy 
tetrahedral interstices, 25% of the aluminum atoms should be 
tetrahedrally coordinated. In the opposite case this value should 
rise to 37.5%. The observed value of 32% is closer to the 
second case. As the distribution of the aluminum atoms at the 
surface seems to be similar to that in the bulk, we assume that 
the cation vacancies are preferentially found in octahedral 
interstices in our sample. The ratio of the two types of atoms 
is close to that found by Zhou and Snyder,49 but different from 
the 25% tetrahedrally coordinated atoms found by John et al.22 
by 27Al NMR. It might be expected that the vacancy distribution 
depends on the type of boehmite (crystalline or gelatinous) used 
as the y-AbO .3 precursor and on the dehydroxylation conditions.
Surface Structure of Molybdate on y-AbC>3* Several 
models have been proposed for the adsorption of molybdates 
on the surface of y-AI2O3, When an ammonium heptamolyb- 
datc solution at natural pH (5“ *6 ) is used for impregnation, the 
type of the adsorbed species depends 011 the heptamolybdate 
concentration in solution. At very low concentration monomeric 
tetrahedral species dominate, while aggregated species are the 
majority species at higher loading up to the so-called “mono­
layer’* capacity. At even higher loadings precipitation of M0 O3 
is observed.58 The experimentally found monolayer capacity 
is five to six Mo atoms per nm2.59 Our investigated catalyst 
had a Mo loading corresponding to four Mo atoms per nm2, 
Therefore up to one-third of the y-AbOa surface is still 
uncovered. Furthermore it is well accepted that the aggregated 
species at or below monolayer coverage is not a two-dimensional 
layer. Mainly two possibilities for these species are put forward 
in the literature, Either heptamolybdate anions adsorb intact 
onto the surface,58*60 or one-dimensional polymeric rows occur 
in patches of y-AbO.i surface planes.55,61 The investigated 
sample had only been dried al 383 K, and it can be expected 
that the heptamolybdate complex stays intact under these 
conditions. Nevertheless, both possibilities lead to the conclu­
sion that less surface aluminum atoms are covered by molyb­
denum compounds than calculated on the basis of the loading. 
The molybdate complexes are anchored to the alumina surface 
via Mo—O—Al bonds, This leads to the distortion of the 
surroundings of the participating aluminum atoms, possibly 
making them invisible for 27A1 NMR due to a great quadrupolar 
coupling constant, which in combination with mobility can lead 
to extremely fast relaxation. This latter fact could explain why 
the intensity per Al atom of this sample is significantly lower 
than that of the pure support, whereas we could not detect any 
new Al species by MQMAS or nutation NMR. Further work 
is in progress to clarify the aluminum visibility aspects of these 
samples. Thus the 27Al NMR spectrum of the Mo(1 2 )/y-Ab0 3  
sample does not give direct information about preferential 
adsorption sites of the support surface for molybdate complexes. 
The intensity ratio between signals from tetrahedrally and 
octahedrally coordinated aluminum atoms stays constant, how­
ever. This would indicate that there is no preference for 
adsorption on either site at the applied loading.
Finally, a sample containing both phosphorus (2 wt %, 
impregnated first) and molybdenum (1 2  wt %) was investigated, 
It was the only sample that was calcined after the last 
impregnation step. With several different techniques it was 
found that this sample contains a variety of surface compounds. 
X-ray diffraction showed the existence of M0 O3 crystallites.
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Single-pulse 31P MAS NMR spectroscopy established that the 
sample contains heteropolymolybdate (H vPMo i204o(3“ v)“ , x  ^  
3) besides mono- and polyphosphate groups. The MQMAS 27Al 
NMR measurements reported here revealed the presence of a 
small amount of AIPO4, Furthermore, a new octahedral signal 
ascribed to the formation of probably amorphous Al2(Mo04)3 
was observed. This signal could be observed also in the nutation 
spectrum of the octahedrally coordinated aluminum atoms by 
changed overall quadrupolar coupling parameters. This shows 
that it is possible to simulate overlapping off-resonance nutation 
spectra of two sites, with sufficiently differing Cqcc, by a sum 
of simulations of these two sites. Here a small contribution
from a nutation spectrum with a low Cqcc value (Cqcc % 1 MHz, 
rjq =  1 , A12(MoO<i)3) had to be added to the nutation spectrum 
of octahedrally coordinated aluminum atoms in 3/-AI2O3 (CqCc 
ft* 4.5 MHz, ?/q < 0,5). The variety of compounds observed in 
this sample clearly proves that molybdenum and phosphorus 
are not uniformly dispersed 011 the support surface. The 
molybdenum amount alone corresponds to 66—80% of mono­
layer coverage. When it is impregnated onto the sample, the 
surface is already , covered to 40% by phosphate groups. 
Although some of these phosphate groups desorb into the 
molybdenum-containing impregnation solution, most of them 
remain at the surface.62 Since there is not enough surface left 
to accommodate molybdenum in a monolayer, segregation of 
M0 O3 crystallites and subsequent reaction with the alumina 
surface to form AlzCMoC^a during the calcination step occur, 
Solutions containing phosphorus and molybdenum with a great 
excess in molybdenum form heteropolymolybdates, dependent 
on the pH of the solution. The pure ammonium heptamolybdate 
solution had a pH of 5—6. During the impregnation the pH in 
the solution inside the pores of the support will rise somewhat, 
because y-AlsO^ has a higher isoelectronic point. In this pH 
region the only stable heteropolymolybdates are HJP2Mû5023(6"v)“ 
complexes (x < 6 ) ,63,64 During drying or calcination these 
complexes react with molybdate to form the observed 
H vP M o i20 4c}(3~'v)~. Furthermore, molybdate can react with 
already adsorbed phosphate to build these complexes.62 As 
already mentioned, the high loading with molybdenum and 
phosphorus amounts to more than monolayer coverage. Never­
theless, the measured aluminum signal intensity per aluminum 
atom is less than in the model compounds, though higher than 
in the sample containing only 12  wt % molybdenum. Again, 
it has to be concluded that the surface structure of the y-Al^Ch 
support is severely distorted by the interaction with such a 
variety of compounds. The ratio between tetrahedrally and 
octahedrally coordinated atoms stays constant at about 32:68, 
As this distribution did not change in the investigated samples 
except for a sample in which a great amount of AIPO4 was 
formed, we conclude that the exposed surface planes of the 
y-Al2Û3 used contain both four- and six-coordinated aluminum 
atoms in about the same ratio as in the bulk.
A general note on the MQMAS spectra is that they are clearly 
capable of resolving different sites, even in these amorphous 
materials in which large distributions in isotropic shift and 
quadrupolar interaction exist. DOR spectra of these compounds 
would still be poorly resolved. A projection of the MQMAS 
spectra perpendicular to the anisotropy axis gives an indication 
of the resolution achievable in DOR spectra, provided that the 
spinning speed would suffice to outspin the total anisotropy. 
Clearly we need the mapping out of the lines in two dimensions 
to fully resolve the spectra. MQMAS is thus very promising 
for amorphous/disordered systems. Especially MQMAS at 
widely differing field strength in order to influence the relative 
importance of the chemical shift and quadrupole distribution
Kraus et aL
look promising to elucidate these distributions and their eventual 
correlations. Studies along these lines are in progress.
Conclusions
The combined use of multiple-quantum magic angle spinning 
(MQMAS) NMR and (off-resonance) quadrupole nutation 
spectroscopy provided information about the bulk and surface 
structure of y-AbO.r and y-ALO.rSupported catalyst precursors. 
An estimate of the average quadrupole coupling constants of 
the different sites in bulk y-Al2Ü3 and amorphous AIPO4 could 
be obtained by off-resonance nutation NMR. Using MQMAS, 
it was established that large distributions existed not only in 
the quadrupole interaction but also in isotropic chemical shift, 
reflecting the structural disorder in these samplës. In the 
supported catalysts, the formation of AlPO.i was clearly 
established at high phosphorus loading. In a calcined sample 
containing both molybdenum and phosphorus, NMR showed 
that amorphous AU(Mo04)3  and a small amount of AIPO4 had 
been formed. The fact that the observed distribution of 
aluminum atoms over octahedral and tetrahedral positions did 
not change with the loading of the support (except when AIPO4 
was formed) led to the conclusion that aluminum atoms with 
both types of coordination are found not only in the bulk of 
y-AI2O3 but also on its surface in about the same ratio.
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